We introduce an interactive method to assess cataracts in the human eye by crafting an optical solution that measures the perceptual impact of forward scattering on the foveal region. Current solutions rely on highly-trained clinicians to check the back scattering in the crystallin lens and test their predictions on visual acuity tests. Close-range parallax barriers create collimated beams of light to scan through sub-apertures, scattering light as it strikes a cataract. User feedback generates maps for opacity, attenuation, contrast and sub-aperture point-spread functions. The goal is to allow a general audience to operate a portable high-contrast light-field display to gain a meaningful understanding of their own visual conditions. User evaluations and validation with modified camera optics are performed. Compiled data is used to reconstruct the individual's cataract-affected view, offering a novel approach for capturing information for screening, diagnostic, and clinical analysis.
Introduction
Cataracts are the leading cause of avoidable blindness worldwide. A cataract-affected eye scatters and refracts light before it reaches the retina. This is caused by a fogging or clouding of the crystallin. We measure this scattering by allowing one to compare a good light path with a path attenuated by the cataract. Our interactive and compact solution (called CATRA: http://eyecatra.com) goes beyond traditional cataract evaluation procedures by taking advantage of forward scattering to compute quantitative maps for opacity, attenuation, contrast, and point-spread function (PSF) of cataracts. The dissemination of devices with the ability to estimate intrinsic parameters of the eye may drive the development of future user-sensible technology for displays, rendering techniques, and improve our understanding of the human visual experience.
Cataracts are generally detected subjectively by locating a white reflex during a slit lamp examination. Research tools range from high-end Shack-Hartmann [Donnelly et al. 2004 ] and femtosecond optical coherence tomography systems [Palanker et al. 2010] , to retro-illuminated image processing techniques [Camparini et al. 2000] . CATRA uses modified parallax barriers to create collimated beams of light to scan the crystallin lens (Figure 1 ). Placed close to the viewers' eye, the device ensures the beams are projected onto Figure 1 : Can we create a device that makes people aware of their early cataract condition? Using a light-field display, our method projects time-dependent patterns onto the fovea. Subject matches these alternating patterns that have passed through scattering (green) and clear (red) regions of the lens. An interactive software measures the attenuation and point-spread function across sub-apertures of the eye. Cataracts size, position, density, and scattering profile are then estimated.
the fovea. Our patient-centric interactive approach, coupled with a simple optical setup, creates four comprehensive measurement maps. To verify their accuracy and precision, we cross-reference our results utilizing user studies and modified camera optics with partially masked diffusers. We go a step further reconstructing the individual experience of a cataract-affected view, previously unexplored by the graphics and vision communities.
Contributions
We propose a novel optical design combined with interactive techniques to scan and measure the forward scattering of a cataractaffected lens without moving the users' visual point of reference by creating steady images in the center of the fovea. The main contributions of our paper include:
• A co-design of optics and user interaction that creates an effective solution to measure optical scattering inside the human eye. Mechanically moving parts are exchanged for moving patterns, on-screen, and forego the need to use external sensors. Off-the-shelf display and simple optical components make the device safe, cheap, and compact;
• Four interactive measurement techniques used to assess the size, position, attenuation, contrast, and point-spread function of scattering spots in imaging systems. These maps quantify and predict the scattering behavior inside the eye, and an image-based technique simulates the individual's eyesight.
The interactive technique efficiently reduces the search space for the PSF of a subject's eye. The captured data is more detailed than currently used techniques and no quantitative gold standard is established for in-vivo accuracy comparison. To our knowledge, this is the first method to interactively measure a sub-aperture PSF map of an eye, the first to measure sub-aperture contrast sensitivities, and the first to explore an individual cataract-affected view. Figure 2: Most common types of cataracts: (a) Nuclear forms on the center of the crystallin, grows towards the periphery, and is strongly related to the aging process; (b) Sub-capsular starts on the back of the crystallin, mostly due to diabetes. (c) Cortical starts on the periphery, and grows inwards to its center. Back scattering reduces the visual acuity by partially blocking light. Forward scattering blurs the retinal image, decreasing contrast. Pupil size determines the strength of the effects.
Related Work in Computer Graphics
Self-Evaluation Interactive Health-care Devices: This paper complements the contributions of NETRA [Pamplona et al. 2010 ], but aside from using interactive techniques to eye care, there are no other pertinent similarities. NETRA measures the required optical correction and focal range using static clip-ons for high-resolution displays. Our work computes the spatial distribution of opacities inside the crystallin lens and requires programmable high-contrast parallax barriers. NETRA's optics are designed to perform alignment tests, in which accommodation plays a critical role. CATRA relies on pattern matching and gaze control, where the alignment of the subject's eye is the main issue. Unlike NETRA, for which several devices provide similar measurements, there is no device capable of measuring quantitative maps for accuracy comparison.
Glare Studies and Light-Field Techniques: Isono et al. [1993] introduced dual-stacked LCDs to achieve programmable parallax barriers. We use a similar hardware setup to handle deficiencies in the human eye. A few researchers have addressed glare removal on coded aperture cameras by resampling the light field image [Raskar et al. 2008] , separating the direct and global components [Talvala et al. 2007; Nayar et al. 2006] , and adding an LCD to block the glare-affected part of the aperture [Hara et al. 2009 ]. Our research focuses on an indirect component measurement and glare estimation but applied to eyes. With our maps one can extend these works to correct images for cataract-affected eyes.
Simulation of a Subject's View: Several researchers have raytraced schematic eyes in order to study the optical importance of each structure. Camp et al. [1990] developed a rendering technique that accounts for eye aberrations based on corneal topography. Kolb et al. [1995] introduced the realistic camera model for computer graphics producing a variety of optical effects. Mostafawy et al. [1997] designed a virtual eye for retinal image visualization using ray tracing techniques. Loos et al. [1998] ray-traced a schematic eye for best fit progressive lenses. Barsky [2004] used wavefront data to simulate the subject's vision. Deering [2005] models retinal cones and simulates the perception of displayed digital images. Pamplona et al. [2009] studied the pupil light reflex. Kakimoto et al. [2007] described wavefront tracing in the eye for refractive aberrations. Machado et al. [2010] created a model for the perception of color vision deficients. Schwiegerling et al. [2000] created a diffraction model for a standard eye, while [Ritschel et al. 2009 ] dynamically compute the PSF of a virtual eye, rendering glare effects in real-time. Although these works achieved their purpose, they did not test cataracts dysfunction; and most of them are not targeted toward the simulation of a specific individual's vision. Materials to simulate cataract effects were found, but they do not account for localized scattering [de Wit et al. 2006; Fine and Rubin 1999] . 
Human Eye and Cataracts
Cataracts are denatured crystallin proteins that are clamped together in the nucleus, cortex or under the capsule of the crystallin ( Figure  2 ). With the continuous production and accumulation of lens fibers throughout life, the crystallin becomes thicker and more compact. This disease is the leading cause of avoidable blindness worldwide [WHO 2005 ] and its occurrence is highly correlated to the aging process. 17% of the +40-year-old Americans have cataracts, 50% of +75-year-old have had cataracts, and its incidence is expected to grow with the increasing longevity [NIH-EDPRSG 2004; Li et al. 2010] . There is no efficient method to prevent it or to completely stop its growth. The rate of this expansion, however, can be controlled if early diagnostics are obtained [Fostera et al. 2003 ].
Methods to detect early cataracts and assess its progression over time could be potentially helpful for the development and testing of new treatments [Asbell et al. 2005] , to alert patients, and to allow lifestyle adjustments to reduce further growth [Datiles et al. 2008] .
Cataracts can be assessed by backscattering or forward scattering (Table 1) . Backscattering examination: A slit-lamp microscope is used to backscatter light from cataract spots. It requires numerous focusing magnifications, angling and lighting possibilities and its reproducibility is very poor [Donnelly et al. 2004 ]; The Scheimpflug slit-lamp photography tilts the camera's depth of field to consistently get transversal sharp focused images of the lens. Cataracts appear as varied elevations in accordance to location and severity. Scheimpflug has the disadvantage of requiring many pictures, in different meridians, to reliably estimate the size of the opacity [Hayashi et al. 1998; Lasa et al. 1995] .
Forward scattering examination: Retro-illumination techniques flood the retina with light, whose reflex reaches the crystallin from behind, propagating the scattering to the camera. Mean gray level, best fitting polynomials, feature extraction, and other image processing techniques are used to automatically measure size and shape of the cataract [Li et al. 2010] . Since the position of the spot is unknown, focusing skills are essential.
Research alternatives such as femtosecond lasers, and optical coherence tomography [Palanker et al. 2010 ] may provide new highquality tools to estimate the size and position of a cataract. Using Shack-Hartmann, the coherent light ray hits the crystallin from behind and reaches the sensor. Blur captured by each lenslet is a subaperture PSF of the lens [Donnelly et al. 2004] . Shack-Hartmann uses infrared light, which may scatter differently than visible light. Cataracts can also be detected at the molecular level using dynamic light scattering [Ansari et al. 2000] . Although some of these techniques have been successfully used in clinics [Kim and Bressler 2009] , their high costs limit the adoption for diagnostic purposes. 
Scanning the Crystallin Lens
We turn a parallax barrier into a time-dependent gaze-controlling scanning mechanism in order to explore the intrinsic parameters of the human eye. Figure 3 shows a diagram of the setup in flat-land and two applications. Two stacked LCDs create a programmable parallax barrier. An additional lens in front of the display increases light efficiency and reduces diffraction, creating collimated beams that converge to the same point on the retina. The device is positioned very close to the subject's cornea and its components are aligned with each other. The setup on Figure 3 (a) traces light from each pi through many regions of the crystallin, one pi at a time. Each beam propagates the effect of possible occluders and imperfections to the central point of the fovea. The displayed image disappears on a mostly reflective cataract spot and scatters when the ray finds a semi-transmissive spot. Based on this setup, our method computes opacity, attenuation, contrast, and PSF maps of the eye using interactive perceptual pattern-matching functions, which compare clear-path light beams and scattered ones.
The intuition of our design relies on the role of each LCD: each pixel on LCD1 maps to a region on the crystallin and each pixel on LCD2 corresponds to a retinal position. Patterns drawn on LCD2 are reflected on the retina, while the brightness of all pixels on LCD1 are integrated on the same retinal point. A central pinhole in LCD2 traces rays to the center of the fovea. Positions pi ( Figure  3 (a)) inside the crystallin are a function of the angle ρ:
where the bending angle α is defined by the optical corneal power in the point k. To create patterns on the subject's view, the pinhole on LCD2 changes to the desired pattern. The position h on LCD2 is mapped to the retina as (derived from compound lens equation):
Figure 4 illustrates our interactive 6-step method. After measuring the pupil size, which defines the discretization of the pupil area and enables the computation of the cataract size in meaningful physical units, we sequentially scan the subject's crystallin to identify the presence of cataracts. If this is found to be true, the subject marks the position of opacities and, in a posterior step, measures the light attenuation for each affected sub-aperture of the eye, thus creating opacity and attenuation maps. The measured attenuation values estimate the intensity of the sub-aperture PSF peak. The subject then performs perceptual pattern matching to measure the tail of the PSF. If the light attenuation is big, the tail may be bigger than the fovea, and its direct measurement is not reliable. Contrast-sensitivity tests approximate the PSF. This prefixed order of conducting the measurements is necessary to make the method viable.
Estimating Pupil Size: Figure 3 (b) shows a simplified ray diagram to measure pupil size with two light beams in flatland. In practice, we display a circle with radius a of dots pi on LCD1 and a dot (pinhole) on the center of LCD2. Parallel rays enter the eye and converge to a single point q on the fovea. Via interactive software, the subject increases a up to a point where the light rays are blocked by the iris and the projected pattern disappears (Figure 4(a) ). The pupil radius is given by d(a) = a − c tan α, where c is the anterior chamber depth. We assume a circular pupil, thus the search is 1D.
Screening for Cataracts: After subdividing the crystallin into testing regions, according to the pixel density of the LCD stack, Equation 1, and pupil size, we draw a single dot p1 on LCD1 and open a pinhole on LCD2. Each move of p1 scans a different region on the crystallin (Figure 4(b) ). In this first scanning, p1 is continuously changing position to cover the visible crystallin. Without pressing any keys the apparent sudden blinking or fading of the viewed pattern (e.g., case of p2 in Figure 3 (a)) reveals the presence of cataracts.
2D Scanning for the Opacity Map:
If the subject sees a blinking or fading, the second scanning starts (Figure 4(c) ). Software slows the frequency of changes in p1 and allows the subject to mark faded regions by pressing keys. Since the subject does not see the pattern moving, audio feedbacks (beeps) indicate every change in p1. When the scan covers the entire lens, an opacity map is built by concatenating the binary visibility functions for each sub-aperture. An hierarquical procedure for this scanning is left for future work.
Brightness Match for the Attenuation Map: The attenuation map measures the relative light attenuation across the crystallin. LCD1 shows a pair of alternating dots (Figure 3(a) ). p1 is computed as the farthest point on the opacity map from the cataract spots. p2 is a marked spot on the opacity map. Since both are projected on q at different time-slices, the subject sees similar patterns with oscillating brightness. At this point, the subject decreases the intensity level of the clear-path light beam and thus brighter p1 until the oscillation stops (Figure 4(d) ). This same task is executed for all marked regions on the opacity map. In the end, the attenuation map is built, showing the relative density of the cataracts.
Point-Spread Function Matching: Just like the brightness match, subject compares and matches alternating patterns pi on LCD1 (Figure 4(f) ). Two patterns are drawn on LCD2, one for each pi. The former is a single pixel stimulus that hits the cataract spreading light onto the retina. The latter is a linear combination of a Gaussian and a box functions, which describes a sub-aperture PSF:
where β is a scaling factor defined by the measured attenuation value, σ is the standard deviation, g is a normalized Gaussian func- tion and p is a normalized box function. In the absence of blur, β = 0. For each marked spot on the opacity map, the subject changes the values of σ to best match the visualized PSF .
Contrast-Sensitivity Test:
A contrast sensitivity test is a replacement for the PSF measurement procedure. Wider PSFs project their tail out of the fovea and thus the subject may not be able to reliably measure it. For each attenuated sub-aperture, a single pi is rendered on LCD1 and a low-contrast 3 pixel-wide randomly-rotated letter C on LCD2. In the beginning, user sees a white square. The subject increases the contrast until C becomes visible (Figure 4(e) ). The rotation degree (0, 90, 180 or 270) of C is marked and noted. This visual acuity test is repeated for each marked sub-aperture, generating a complete map in the end.
Implementation Details
Gaze Control and Eye Position: Since all collimated beams are projected onto the fovea, no matter from which part of the cornea they enter the eye, the subject keeps looking to the same point and does not gaze. However, the subject can shift by the width of the pupil diameter, and remain seeing the same image. In order to overcome this, and keep the user in the same place, we draw reference points (Figure 3(c) ) as a circular arrangement of patterns on LCD2. Part of the circle disappears when the subject moves beyond a certain limit. With this technique, the subject can detect when she is off center, and should return to the original position. Figure 5: We simulate strong cataracts by adding an 80-degree diffuser behind a 55mm lens of an SLR camera (a). We estimated an attenuation map (b) for an aperture of 2.2cm and a sub-aperture PSFs map (c) for an aperture of 3cm. Using (d) as an input image and applying the measured PSFs from (c), we rendered the image (e) which shows similar effects to the picture taken with the cataract-simulated lens (f). Depth information is captured with a Z-camera (Microsoft Kinect). System Resolution: Assuming h is a pinhole, the size of the cross section defined by the collimated light beams between the lens and the cornea is given by s(p)f l /fm, where s(p) is the radius of the pattern p on LCD1. Thus the bigger fm, the smaller the beam radius is. The sampling resolution on the crystallin is defined by the discretization of the angle ρ (Equation 1), which is dependent on the pixel size on both LCD1 and LCD2. The retinal resolution is defined by pixel pitch on LCD2 (Equation 2). To match the fovea (radius of ≈ 0.92mm), light rays have to reach the cornea at maximum angle of ρ = 2.12
• . Thus the biggest reliable pattern on LCD2 has the radius of f l tan(ρ).
Handling Accommodation and Refractive Errors: Our design does not allow multi-focus, such as NETRA [Pamplona et al. 2010] . We also do not assemble an image on the subject's retina as the standard parallax barrier does. The additional lens on top of the LCD plays an important role in handling accommodation. Subjects can focus on the image displayed by LCD2 just like any other object seen through a lens. Refractive errors add variations to the position of the patterns on the retina, and can make the subject gaze, thus adding uncertainty to the cataract position inside the crystallin (e.g., if the scanning runs in circles and the subject has astigmatism, the method is actually measuring in an ellipsoidal shape).
Rendering the Subject's View
We propose an image-based approach for simulating the vision of a specific individual affected by cataracts. An accommodation- dependent convolution of sub-aperture PSFs simulates the view of a cataract-affected eye. We convolve depth-masked patches of the input image with their corresponding depth-dependent PSFs and combine the results into the final image. Each depth-dependent PSF is computed by combining the measured sub-aperture PSFs. Figure 6 (right) illustrates how the combined PSF changes with accommodation. At the focal plane, all sub-aperture PSFs are just superposed and added, averaging their values. At depths away from the focal plane, the sub-aperture PSFs are shifted from the center according to the distance to the focal plane and the aperture, given by the pupil diameter. Computation of these depth-dependent PSFs can be defined by a sum over all sub-apertures:
where B is a depth-offset in diopters (reciprocal of the distance in meters B = 1/dm) from the plane of focus defined by the accommodation, − → gi is the vector that represents the shift of a given sub-aperture i from the center of the lens. The product B − → gi models how the circle of confusion projected through i gets shifted from the center of the image as a function of depth. The final image is given by the sum of the depth-masked patches convolved with their respective PSFs for all depths in the scene:
where h(A, B) gives the depth-masked patch of the input image I for accommodation A in diopters and is defined pixel-wise by:
where Ix,y is the intensity of the pixel x, y, and depth is the distance from camera to the projected point x, y in diopters. Given sub-aperture PSFs, this depth-based approach renders artifacts which are similar to those described by cataracts-affected subjects, also computing the expected depth-of-field ( Figure 5 ). To account for diffraction from the pupil, lens fibers and cataract opacities, we also added an augmented version of the glare model described in [Ritschel et al. 2009 ] to the computed PSF, including the attenuation map as an extra multiplication step to their aperture model. Figure 7 shows a simulated night-driving scene with the experimental data used to render it. Cataract shape (b) can be seen as a mask on the "bokeh" effect of the PSF composition. Because of the absence of color filters, high contrast ratio and a better light box than standard LCDs, we consider (a) our best overall setup. (b) brightest and highest-contrast setup, which allows meaningful scattering projection through high density cataracts; and (c) it is the most portable, comprising of a clip-on for smart-phones.
Prototypes and Evaluation
We explored different designs for Figure 3 that span across size, materials, interface, cost and static contrast. Figure 8 (top) shows three of our prototypes. Our Dual-LCD Monitor is build using two 18" LCD TFT monochrome medical monitors stacked fm = 24mm apart, with brightness of 700cd/m 2 , contrast ratio of 550 : 1, 90DP I (280µm pixel pitch) and a 20-diopter lens, 50mm from the stack (Figure 8(a) ). We use a single-pixel pattern on LCD1 which reaches a scanning resolution of 510µm on the crystallin. Since these LCD panels do not have color filters, the aberrations are smaller than traditional monitors and the high static contrast gives a smaller residual light level for black pixels.
Since LCD2 does not change for attenuation and opacity maps, by replacing it for a printed pinhole mask, we create a cheaper version of the same optics, which is still capable of measuring the opacity and attenuation maps, but cannot measure the contrast map or point-spread functions. This setup can be implemented as a clip-on for any high-contrast spatial light modulator. The DLP Projector prototype consists of a Mitsubishi PK10 pocket projector (DMD) and a 50 × 40mm diffuser as projection screen, at 800 × 600 in pixel resolution reaching 62µm in pixel pitch. A pinhole mask (pinhole radius of 100µm) is placed 60mm away from the screen, and a 16-diopter lens is 62mm away from the mask. This setup uses a single-pixel pattern and has a scanning resolution of 56µm on the crystallin (Figure 8(b) ). Cell phone setup uses a Samsung Behold II (180DPI or 141µm on pixel pitch - Figure 8 (c)), with a static pinhole mask (pinhole radius of 100µm) placed 40mm from the display, and a 25-diopter lens placed 40mm from the mask. Using a 3x3-pixels pattern on LCD1, the scanning resolution is 370µm on the crystallin.
Masks are composed by 5 pinholes (Figure 8(e) ), where the central one performs the measurement and peripheral ones allow for reference points. For instance, for a pupil radius of ≈ 1.5mm, blue reference points drawn 5mm off-center reach the crystallin close to the pupil border and are projected at 0.3mm from the foveal center. Spot (iv) cannot be found in our measurements. Attenuation map (c) resembles the opacity map and reveals a required increase of 70% on the red parts to allow the subject to observe the same intensity as a beam going through the center of eye. Subject was asked to rest between opacity and brightness matching tests, requiring a realignment of their position using the reference points. 
Controlled Evaluation
Our methods are evaluated using a camera focused at infinity, with diffusers placed at the center of a compound DSLR lens, as shown in Figure 5 (a). We manually change patterns seen through a liveview on a PC connected to the camera and find the parameter required for optimal matching. Each level of our method is validated independently of the others. For the accuracy tests, our maps are compared against pictures taken in each estimated position for attenuation and PSF maps. Canon 5D Mark II with 50mm lens, and C-mount Flea Camera from Point Grey Research with 16mm lens are used. Luminit diffusers with scattering angles of 5 • (7×3mm), 30
• (9 × 4mm) and 80 • (9 × 4mm) and a piece (9 × 6mm) of a diffuse plastic bag are tested. Figure 5 shows the attenuation and PSF maps for a simulated cataract and its respective visual effects.
We test the accuracy of the estimated attenuation maps using the DLP Proj. plus Mask with the Flea Camera. Pictures of the scattered and free-path light beam were taken before the user adjusts the brightness levels. For 289 measurement spots in 7 rounds randomizing diffusers, the accuracy of the attenuation levels in absolute average error is 1.03% ± 4.20%. Figure 10 shows opacity and attenuation maps for one round. Contrast-sensitivity maps were estimated using the Dual-LCD Monitor with the Canon 5D. The repeatability of the contrast value (Range [0, 1]) has an average error of 0.03 ± 0.03 for 116 measurements on 4 rounds. PSFs maps were computed for the 80
• and 5
• diffusers. Using the Dual-LCD Monitor with a Canon 5D, the repeatability of the measurements in 128 tests points (4 rounds) is 0.03 ± 0.13 in normalized scale. PSF maps also represent position and size of a cataract. The 80
• of 36mm 2 was measured having 34mm 2 ± 4.27 and the 5
• of 21mm 2 having 29mm 2 ± 8.55 (Figure 11(a) ). Repeatability for the diffuser's centroid is 0.01mm ± 0.01, computed by:
where ai and oi are the i-th attenuation and binary opacity values. Table 2 : Estimated size (mm 2 ), position off-center (mm) and attenuation values for 5 early cataract-affected volunteers (1-5 th ) plus the scratched contact lenses (6 th ). The compensation values show how much brighter the light ray that passes through the scattering region must be to match the intensity of a clear light path.
PSF tests took ≈ 7min for full 36-sub-aperture maps on cameras.
Cataract-induced contact lenses: We scratched a contact lens in a zig-zag-line pattern, generating a ≈ 0.5mm 2 (0.5 × 1mm) scattering region. Subject measured opacity and attenuation maps 9 times. The estimated size is 0.45mm 2 ± 0.12 at (−0.43, 0.82)mm ± 0.38mm off-center. Average result for attenuation maps indicates the need of 135% ± 6.9 of the brightness for the points going through the scratch when compared with clear-path brightness. Measurements were taken under a pupil radius of ≈ 1.8mm. We notice that, the contact lens may rotate when subject blinks during the test. Tests were made using reference points (Figure 3(c) ).
User Evaluation
18 subjects tested our cell-phone-based prototype. Each subject took the test twice for training, and at least twice for data collection. 5 early cataract-affected volunteers (ages 68 to 76 plus one 30-yearold) trained for ≈ 10min and tested for ≈ 10 − 15min. Subjects with no cataract took 3min on training and testing sessions. A single screening round for the opacity map (no user interaction) runs in 10secs. Each map measures the observed attenuation for 24 testing points. Estimated values are shown in Table 2 and Figure  11 (b) . Figure 9 shows the estimated opacity and attenuation maps for a volunteer compared with a picture of his eye. Additionally, 14 healthy eyes were scanned and no cataract was found. Quantitative accuracy tests comparing our maps against slit-lamp pictures could not be reliably performed because of low-quality slit-lamp pictures. All tests were made using reference points to control eye motion. Our user study was performed according to approved procedures for human subjects, and employing de-identified volunteers.
For these experiments, we assume no optical aberrations (the person takes the test wearing his corrective lenses, if (s)he uses some) and a thin lens system (lens with negligible thickness). Thus, α in Equation 1 can be approximated by tan α = l/fe, where fe is the axial length of the eye, which is the reciprocal of the optical power at point k. fe = 25mm and c = 3.15mm in our calculations.
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Discussion and Conclusion
We presented an interactive method coupled with an optical design to detect early cataracts in the human eye using view-dependent high-contrast displays. Early cataracts are a relevant global health problem that previously required highly-trained technicians and cumbersome equipment to be detected. This innovation measures the forward scattering profile and creates the PSF of the crystallin with no need of a coherent light source and no mechanical apparatus. CATRA ensures the projection of pattern directly onto the fovea to avoid gazing issues. Users look through an eyepiece and interact with a keypad based on what they see. Our interactive method scans the subject's crystallin lens to estimate opacities, attenuation levels, contrast-sensitivity, and sub-aperture point-spread functions. Section 5.1 validates the optics of the device and the implemented mathematical models. Small variations in attenuation (1%), contrast (3%) and PSF (3%) maps indicate the consistency of our technique. User-driven validation experiments attested the precision of the method (maximum σ = 0.2mm 2 in size, ≈ 2% of the pupil area), the forward scattering feature (estimated attenuations on ≈ 140%), the gaze control mechanism of the optical design (maximum σ = 0.7mm in position, ≈ 20% of the pupil diameter), and the stability of the foveal projection on early cataractaffected elderly subjects (Section 5.2). We believe the quantitative results of our new patient-centric interaction-based method are first of its kind, with no currently available device producing comparable data. Reasonable repeatability rate and the complete absence of false positives, required for screening tools, are incentives to continue this investigative research.
We go a step further creating tools to understand a cataract-affected visual experience, that remained unexplored by the graphics and vision communities. Simple presence of opacities might already indicate glare issues, but a complete contrast, or PSF map, can give a more detailed profile of the effects on scenes with high dynamic ranges. A PSF mapping tool provides a new opportunity for doctors and patients. Renderings help to mitigate this relationship through a shared visual experience, opening a dialogue to further assess and aid the diagnosis of developing cataracts.
Limitations: Since CATRA requires active user participation, we are limited by the subject's ability to follow instructions. By using perceptual judgement and pattern matching, the technique does not work if a uniform-scattering cataract covers all the visible crystallin, as in advanced cases of the disease. Such uniformity could offset the attenuation and PSF maps. For the opacity map, subjects would see dim patterns at all times, being challenging to mark scattering regions. The contrast map, however, should remain accurate, since the measured low contrast would be all over the lens.
Pupil size may vary during the test, but these variations are estimated to be very small since the patient's eye is covered by an eyecup. Retinal diseases may augment the results. Just like standardwavefront-aberration maps of the eye, our maps do not reveal aberration's depth. It's acceptable, however, that a screening tool find conditions other than the target one. Although the method is sensitive to refractive aberrations, this can be solved by taking these aberrations into account and pre-warping light rays. Further clinical studies with wavefront aberration maps are required to precisely estimate their impact. According to our experience, a few degrees of myopia moves the projection in circles.
The dual-stacked-LCD shares some limitations of other similar designs such as decrease in brightness, and predefined viewing zones [Dodgson 2009 ]. The time-dependent nature of the solution removes crosstalk. The map resolution is a function of pixel density, distance between LCDs screens, and the distance from the display to the eye. Current effective static contrast on LCDs may influence the ability to discern the projected patterns and measure the PSF. These limitations still allow the user to obtain reliable, repeatable results using our technology.
Experiences shared on the user tests: Many volunteers were fascinated by their opacity map on the screen of a smart-phone. One of the cataract-affected subjects has reported difficulty in explaining the visual effects to his family. A simple rendering tool may address these communication issues between them. Response from the local community has been very positive. Our data shows a reasonable repeatability, but some users found the alignment task using reference points difficult to understand. According to Don Yansen, CEO of Click Diagnostics that provides affordable health care in developing countries, "Village health workers will be able to cheaply and quickly flag early stage cataracts and macular degeneration in order to refer individuals to hospitals, where their vision can be restored before they effectively become blind". During our research, one of the authors was able to self-diagnose his cataract that went undetected during his eye-exam a few months before the submission and was confirmed afterwards.
Reactions from ophthalmologists: Several researchers and local practicing ophthalmologists have been in collaboration with this project, and are enthusiastic about its quantitative outcomes. Many of them have experimented with the device, and the general response has reinforced that reliable quantitative measurements for cataracts are already very helpful for screening purposes. One of them commented on their experience that the Shack-Hartmann wavefront sensor to measure high-order optical distortions of the human eye had no practical application twenty years ago. Today, the high accuracy of these devices provide the only reliable data for the LASIK surgery. Widespread availability of devices like ours, which generate quantitative data about cataracts, may benefit the future of diagnostic and surgical practice. Since cataracts are correlated with macular degeneration [Liu et al. 1989 ], many doctors have suggested the use of this device as a side screening tool for other visual impairments. A few ophthalmologists we have been discussing with, reported strong concerns about the complete absence of a glare disability test in order to obtain a driver's license. For instance, visual acuity tests, in general, do not assess for glare and night driving effects, while simple and cheap tests such as ours, would reveal currently unchecked impairments. Our overall goal is to create tools that empower self-awareness about commonly unscreened health condition of the eye. We stress that this device does not directly diagnose or treat for cataracts, but in the future, methods like this might be able to give a complete summary of visual performance. Our hope is that these results encourage more people to design and develop interactive tools which will augment the understanding of the human visual experience.
